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ABSTRACT QF THE DIS£LQSliE£ 



Compositions for enhancing grain yield and protein yield 
of a legume grown under environmental conditions that inhibit or delay 
nodulation thereof are provided. The compositions comprise a nodulation 
gene-inducing compound such as flavones. Moreover, methods for 
enhancing grain yield and protein yield of a legume grown under 
environmental conditions that inhibit or delay nodulation thereof are 
provided. The methods comprise an addition of an agriculturally effective 
amount of a nodulation gene-inducing compound such as flavones, in the 
vicinity of the seed or root of the legume. 
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TITLE OFTHg INVENTinM 



COMPOSITION FOR ENHANCING GRAIN YIELD AND 
PROTEIN YIELD OF LEGUMES GROWN UNDER ENVIRONMENTAL 
CONDITIONS THAT INHIBIT OR DELAY NODULATION THEREOF. 



FIELD OF THF IMVpNT|f)N 



The present invention relates to compositions and 
methods therefor for enhancing the formation and development of root 
nodules In legumes, so as to enable an increase in the growth and yield 
thereof under conditions that inhibit or delay nodulation. More 
particularly, the invention relates to compositions and methods therefor 
for Increasing grain yield and protein yield of soybean grown under 
environmental conditions that inhibit or delay nodulation, such as 
suboptimal root zone temperatures (RZTs). 



BACKGROUND OF THF imvpntION 



The knowledge that elements in the soil influence root 
nodulation has long been recognized. Indeed, the Romans transferred 
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soil from successful legume fields to unsuccessful ones in order to 
improve the quality of the latter. 

It has since then been demonstrated that one Important 
soil element responsible for nodulation is soil bacteria. The family 
Rhizobiaceae consists of a heterogeneous group of gram-negative, 
aerobic, non-spore-forming rods that can invade and induce a highly 
differentiated stnjcture, the nodule (on the roots, and In some instances, 
stems of leguminous plants), vi^ithin which atmospheric nitrogen is 
reduced to ammonia by the bacteria. The family Rhizobiaceae contains 
three genera, Rhizobium. Bradyrhizobium, and Azorhizobium. The host 
plant is most often of the family Leguminosae. The slow-growing 
nodulation bacteria which have specific associations with soybean are 
referred to as Bradyrhizobium. Currently, Bradyrhizobium has only one 
named species B. japonicum, with othera lumped together in a 
miscellaneous group (Barbour et al., 1992); these latter strains are 
refomied to as 8. sp., followed by the plant species they infect in 
parenthesis. Some soybean plants can also nodulate with the fast 
growing R/7firo/)/am /red// (Sprent and Sprent, 1990). Rhizobium species, 
sometimes designated "fast-growing" rhizobia, include among others R. 
meiiloti which infects alfalfa. 

The element N is essential to all living organisms 
because it is a component of many biologically important molecules. The 
most Important of these include nucleic acids, amino acids and therefore 
proteins, and porphyrins, which occur in large amounts in ail living cells. 
To be able to multiply and grow, or just survive, organisms require a 
source of N. The ability to reduce atmospheric dinttrogen is limited to 
prokaryot s. Legumes and a few other plant sped s have the ability to 
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fix atmospheric N through symbiotic relationships. In the case of legumes 
Nj-fixation is carried out by prokaryotes, Rhizobium or Brndyrfiizobium in 
nodules located on the plant root (Sprent and Sprent, 1990). 

Nodulation and the development of effective symbiosis 
is a complex process requiring both bacterial and plant genes. The 
molecular mechanisms of recognition between (Bmdy)mizobium and 
legumes can be considered as a fomi of cell-to-cell interorganismal 
communication. A precise exchange of molecular signals between the 
host plant and rhizobia over space and time is essential to the 
development of effective root nodules. The first apparent exchange of 
signals involves the secretion of phenolic compounds, flavpnoids and 
isoflavonoids. by host plants. (Peters and Vemia, 1990). These signal 
compounds are often excreted by the portion of the root with emerging 
root hairs, a region that is most susceptible to Infection by rhizobia 
(Vemia, 1992). These compounds have been shown to activate the 
expression of nod genes in rhizobia, stimulating production of the 
bacterial nod factor (Kondorosi. 1992). This nod factor has been 
Identified as a lipo-oligosaccharide (Carison et al., 1993), able to Induce 
many of the eariy events in nodule development, including defomiation 
and curiing of plant root hairs' the initiation of cortical cell division, and 
induction of root nodule meristems. In soybean for example, the 
isoflavones. daidzein and g^nistein, are the major components of 
soybean root exudates which induce the nod genes of a japonicum 
(Kosslak et al., 1987). Other such substances active at very low 
concentrations (10- to 10^ M) have been shown to stimulate bacterial 
nod gene expression within minutes. However, the effectlven ss of 
Isoflavonoids is found to vary between cultivars. 
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The "common" nod genes, designated nocM, B and C, 
which are associated with the early stages of infection and nodulation, are 
structurally conserved among Rhizobium strains. In R. meliloti, R. 
leguminosarum, and R. trifolii, the nodA, B and C genes are organized in 
a similar manner and are believed to be coordinately transcribed as a 
single genetic operon. The DNA region adjacent and 5' to nodA has been 
found to contain a fourth nodulation gene, designated nodD, which is 
transcribed divergently from the nodABC operon. NodD has been found 
to function in the regulation of expression of nodABC and other 
nodulation genes. 

Comparisons of the DNA sequences and the deduced 
amino acid sequences of the encoded nodD product confirm the 
presence of significant sequence conservation of these genes among 
strains of Rhizobium, nodD mutants in the various species of Rhizobium 
do not, however, display the same nodulation phenotypes. It now 
appears that many species of Rhizobium carry multiple nodD-like genes, 
on their Sym plasmids. 

Another similarity in the nod region(s) of Rhizobium 
strains is the presence of conserved sequence elements within the 
promoter regions of certain inducible nod genes. These conserved 
sequences, first identified in the nodABC promoter region, are teniied the 
nod-box and are believed to function in induced nod gene expression, 
possibly as regulatory protein binding sites. 

No Sym plasmids have been associated with 
Bradyrhizobium strains. The nitrogenase and nodulation genes of these 
bacteria are encoded on the chromosome. Of importance, 
Bradyrhizobium strains contain nodulation genes which are reported to 
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functionally complement mutations In Rhkobium and which show 
significant structural homology to nodulation gene regions of R. meliloti 
and R. leguminosarum. 

In Bradyrtiizobium japonicum strains USDA 110 and 
123, nodABC and D gene structural homologs have been Identified which 
are organized In a manner similar to their homologs In Rhizobium strains. 
NodD is read divergently from nodAB and C which are organized in a 
single operon. The untranscribed region between ncjdD and nodA also 
contains a copy of the conserved nod-box. 

In contrast to Rhizobium strains, Bradyrtiizobium 
japonicum strains contain another open reading frame, designated ORF, 
between nodD and nodA which is believed to be part of the nodABC 
operon. 

The specific components of legume exudate that act to 
induce nodulation genes in several species of Rhizobium and 
Bradyrhizobium have been identified as flavonoids. Luteolin was reported 
to be the component of alfalfa exudates that induces noQWec expression 
in R. meliloti. Three clover exudate constituents: 4',7-dihydroxyflavone. 
geraldone and 4'-hydroxy-7-methoxyflavone were reported to induce the 
nodulation genes of R. trifolii. Two pea exudate components: eriodictyol, 
and apigenin-7-O-glucoslde were reported to induce the nodulation genes 
of R leguminosanim. In addition, molecules having structures related to 
those of the inducer found in exudate were assessed for their ability to 
induce. Inducers of Rhizobium nodulation genes appear in general to be 
limited to certain substituted flavonoids, and the range of compounds to 
which a Rhizobium responds is species specific. Since host range is 
us d to classify Rhizobium strains into different species, this suggests 
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that differential response to inducer molecules is involved in the 
mechanism of determination of host range. 

Two isoflavone components of soybean exudate, 
daidzein and genistein, have been reported to be inducers of the 
5 nodulation genes of 8. japonicum strains 110 and 123 (Kosslak et al. 
(1987) Proc, Natl. Acad. ScL USA 34:7428-7432). Several other 
isoflavones were found to be inducers (7-hydroxylsoflavone, 5,7- 
dihydroxyisofiavone and biochanin A) or weak inducers (formononetin 
and prunetin) of the B. japonicum nod genes. In addition, two flavones: 

10 4\7-dihydroxyflavone and apigenin which induce certain Rhizobium nod 
genes were also found to induce the japonicum nod genes. 

In view of the above, it is clear that the exchange of 
signals between legume and bacterial strain and intricacies thereof are 
shared between different legumes and the Rhizobium and 

1 5 Bradyrhizobium generas. 

The manner in which nodulation genes are regulated is 
also conserved among Rhizobium and Bradyrhizobium strains. 

Soybean [Glycine max (L.) Menr.] is the world's most 
widely-produced nitrogen (N) fixing crop. However, soybean is a plant of 

20 tropical to subtropical origin and, as such, requires temperatures in the 25 
to SO^^C range for optimal growth and symbiotic N2 fixation. When well- 
nodulated, soybean is capable of fixing its own N. Both symbiotic N2 
fixation and hlO^' utilization appear to be essential for maximum yield. 
High soybean yields also require adequate levels of phosphorous and 

25 potassium. Liming acid soils to a pH of 6.0 to 6.5 is an important 
prerequisite for profitable soybean production. Adequate populations of 
Bradyrhizobium japonicum must be present to produc a well-nodulated 
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soybean crop. Smith et al. (1981) determined that an inoculum level 
above 1x10* rhizobia per centimetre of row was necessary to establish 
effective nodulation. 

Root zone temperatures (RZTs) below 25"'C strongly 
and negatively affect soybean nodulation and Nj fixation (Lynch and 
Smith, 1994). In fact, in short season areas low temperature is 
considered the major growth limiting factor for soybean. It has been 
noted that all stages of nodule fonnation and functioning are affected by 
suboptimal RZTs and experiments have generally indicated that early 
nodule development processes are the most sensitive. The exact 
mechanism by which suboptimal RZTs affect N fixation has yet to be 
Identified. Numerous hypothesis have been postulated however: 1) 
decrease N fixation activity by the nitrogenase enzyme complex; 2) 
changes in nodule oxygen penneability; 3) rate of export of fixed N from 
the nodule; 4) inhibition of Nj fixation inside the nodule; 5) decrease in 
bacteroid tissue and/or delay in its rate of fonnation; 6) via effects on 
bacterial physiology and growth; and 7) via effects on plant physiology 
and growth. 

Production of N fertilizer, in Canada as elsewhere, is 
economically ($1 billion per year in Canada), energetically (equivalent to 
30 million barrels of oil per year) and environmentally (produce 15 million 
tones of COj per year, ground water-polluting NO3 and ozone-destroying 
NOJ expensive. In eastern Canada the fami community spends 
approximately $1 50 x 1 0F per year for N fertilizer. Nitrogen fixation is the 
sustainable alternative to N fertilizer. Therefore, an understanding of the 
mechanism of suboptimal RZT effects on soybean nodulation and 
fixation and finding methods to reduce this restriction by low RZT would 
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allow increased use of this Nj-fixing cash crop, and deaeased reliance 
on potentially polluting N fertilizers in cool season areas. The ability to 
overcome the negative effects of suboptimal RZTs could be applied to 
other conditions that negatively affect nitrogen fixation (water stress, high 
pH, temperatures etc.). 

Due to the number of benefits which can result from the 
establishment of rhizobia.legume symbiosis, a number of strategies have 
been devised to promote nodulation of legumes. 

US patent 4,878,936 to Handelsman et al.. teaches a 
method for enhancing nodulation of legumes which includes inoculation 
in the Immediate vicinity of the roots thereof, an effective quantity of 
bacteria which enhance nodulation. However, the results are based on 
controlled laboratory conditions, not on field studies. Moreover, the 
laboratory conditions used, involved temperatures above 25''C which are 
not expected to be limiting for nodulation. 

US patent 5,141,745 to Rolfe et al., discloses flavones, 
some of which are leguminous plant exudates, which induce expression 
of certain nod genes in rhizobium strains. Rolfe et al., however, do not 
assess whether their results, all obtained under laboratory conditions, 
translate into increase nodulation and growtti of the leguminous plant 
under field conditions. 

The art is replete with examples demonsb-ating that 
results obtained under the laboratory setting are not predictive of the field 
situation. Typically, a good controlled environment provides optimal levels 
of soil nutrients, soil pH. soil moisture, air humidity, temperature and light. 
The plants are usually widely spaced so that they do not comp te for light 
and the light intensity is usually high. In some cases environmental factors 
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such as carbon dioxide may even be optimized. The field environment is 
vastly more complicated than that of the controlled environment setting. The 
soil will vary in its chemistry and texture in a fractal pattern, such that, while 
the soil of a research site can be characterized in general, it will be variable 
at every level within the confines of the experimental area. In a controlled 
environment setting plants are usually produced in sterilized rooting media 
(pasteurized soil, sterile sand, or some forni of artificial rooting media) and 
there is no soil micro flora or fauna. Field soil is an ecosystem; it contains an 
enonnous number of bacteria, fungi, protista, algae, and soil insects. The 
climate and related atmospheric factors (light intensity, relative humidity, 
temperature, rainfall, carbon dioxide concentration of the air, presence of 
pollutants) vary constantly under unpredictably field conditions. Thus, a 
researcher may impose a nutrient limitation In the field, but if the conditions 
are dry and water is more limiting to plant growth than the nutrient in 
question, there will be no discernable effect due to nutrient treatments. 

The inability to extrapolate from a laboratory to a field 
setting is illustrated by work conducted in the 1970's and early 1980's on 
soybean with strains of Bradyrhizobium japonicum which were hypothesized 
to be more energy efficient when fixing nitrogen. Because of the extreme 
stability of the triple bond in the dinitrogen molecule nitrogen fixation was 
known to be a very energy expensive process (reviewed in Schubert 1982). 
In addition, It was discovered that the enzyme which fixed dinitrogen Into 
biologically useful ammonia (nitrogenase) leaked high energy electrons to 
protons, so that every time one dinitrogen molecule was fixed into two 
ammonia molecules, at least one dihydrogen (the product of two protons plus 
two electrons) was produced. This constituted a waste of ener^iy by the 
plant-bacterium symbiotic system. Shortly aftenvard it was discov red that 



2I7J879 

10 



some strains of B.japonicum contained an enzyme that took up the hydrogen 
fomned and tool< the high energy electrons bacl< off the protons, hence 
recovering much of the energy that would have been lost (Schubert et al. 
1978). This lead to speculation that strains containing these "uptake 
hydrogenases", referred to as Hup+ strains, would be more effidentand lead 
to improved plant growth, as the plant would have to supply less energy (as 
organic acids) to the bacteria for each ammonia molecule received from 
them. Albrecht et al. (1979) compared soybean plants inoculated with Hup+ 
and Hup- strains of B. japonicum under greenhouse conditions. Average 
total nitrogen contents and total dry weights of Hup+ inoculated plants were 
shown to be larger than those of plants inoculated with Hup- strains. This 
was confirmed by Maier et al. (1978). However, under field conditions, 
Albrecht et al. (1979) were unable to detect an increase in dry matter 
production or yield between Hup+ and Hup- strains. These results were 
confinned by numerous field condition studies. During the course of these 
confirmations however, a superior strain of B. japonicum (532c), which is 
now included in almost all soybean inoculants used to produce soybean 
in Canada, was identified (Hume et al., 1990). Strikingly, this strain is Hup-. 

This example provides a blatant proof involving soybean, 
that results obtained in a controlled milieu are a priori not predictive of the 
field situation. 

US Patent 5,175,149 of Stacey et al.. teaches that the 
mere coating of the leguminous seeds or sowing of «ie soil with the desired 
bacterial strins does not necessarily lead to the desired inoculation of the 
plant. Therefore, they provide a means for inducing nodulation on the roots 
of leguminous plants that is independent of the presence of rtiizobial bacteria, 
by using the bacterial signal molecule directly (lipo-oligosaccharide), thereby 
by-passing the plant signal molecule (flavonoids). 
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US Patent 6,229,113 ('113) issued to Kosslak et al., 
relates to nodulation-inducing compositions and methods of selectively 
activating nod genes under the control of a soybean exudate inducible 
promoter responsive to inducer molecules. Similarly to US Patent 
5,141,745, '113 does not teach or suggest that their compositions and 
methods are operational under field conditions and/or under conditions 
that inhibit or delay nodulation. 

PCT patent application WO 94/25568, which was 
published November 10, 1994 in the name of Rice et al., discloses cold 
tolerant strains of Rhizobium which are useful for improving nodulation, 
nitrogen fixation and overall crop size under field conditions. However, 
it is unclear whether the cold-selected strains indeed provided an 
advantage to Alfalfa, since in certain experiments the temperate strains 
perfomned better than the cold-temperature selected strain (i.e. Tables 
5,6 and 7). This results conxjborates the findings of Lynch et al., 1994 
which suggested that inoculation with e. Japonicum strains from cold 
environments is unlikely to enhance soybean N2-fixation under cool soil 
conditions. Lynch et al., 1994 also suggested that indeed the host plant, 
and not the bacterial strain, mediates at least a significant portion of the 
sensitivity of N2-fixation under low RZT. Further WO 94/25568 (see 
below) teaches that commercial rhizobial inoculants are not consistent in 
their efRcacity and perfomiance, and nodulation failures after use of 
commercial inoculants are common. This is explained by the inability of 
inoculant strains to out-compete indegenous rhizobial bacteria for root- 
Infection sites, once again demonstrating the non-predictivity of lab 
results to the field conditions. In any event WO 94/25568 fails to provide 
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any teaching or suggestion as to involvement of the signal molecules in 
the initiation of the nodulation event and their effect under field conditions. 

US Patent 5,432,079 to Johansen et al., relates to the 
isolation of Rhizobium strains having improved symbiotic properties. 
Once again this Patent fails to teach an enahancement of growth and or 
yield of a legume under field conditions. Moreover, this document is 
silent on the use of flavonoids or the like to achieve that goal. It teaches 
however that a higher expression of the nod genes does not necessarily 
provide an advantage, but can be detrimental to the competitive ability of 
the Rhizobium strains. 

To date there has been no Investigation as to whether 
nodulation inbiting or delaying factors, such as suboptimal R2Ts alter 
plant to bacteria signaling. 

An understanding of the mechanism of suboptimal RZT 
effects on soybean nodulation and Nj fixation and finding methods to 
reduce this restriction by tow RZT would allow increased use of this Nj- 
flxing cash crop, and decreased reliance on potentially polluting N 
fertilizers in cool season areas. Elucidation of the mechanism for 
suboptimal RZTs effects on nodulation and nodule formation in soybean 
and a determination of how to reduce the negative effect of suboptimal 
RZTs on the soybean Nj fixation symbiosis under the cool spring 
conditions or other conditions which inhibit or delay this symbiosis would 
provide a significant advantage to the production of legumes. For 
example, it would be advantageous to understand whether the poor 
nodulation of soybean at suboptimal RZTs are related to the plant's ability 
tosynthesiz and/or excret plant-to-bacterlal signal mol cules. 
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There thus remains a need to reduce the the negative 
effects of environmental factors on nodulation and nodule formation and 
to provide compositions and methods to enable the enhancement of grain 
yield and protein yield of legumes grown under environmental conditions 
that Inhibit or delay nodulation thereof. 

The description found hereinbelow refers to a number 
of documents, the content of which is herein Incorporated by reference. 

Recent reviews on nodulation factors and Rhizobium 
symbiosis are available; Spaink, 1995. "Molecular basis of injection and 
nodulation by Rhyzobia - the ins- and outs of sympathogenesis", Ann. 
Rev. Phytopathol. 3^:345-368; and Prome et al.. 1996, "Nodulation 
factors in plant microbe interactions, Ed. Stacey et al., Pub. Chapman 
and Hall. 

SUMMARY OF THE invfmt)0|>^ 

The Applicant was the first to demonstrated that 
between 25 and 17»C RZTs. the onset of N2 fixation was delayed by 2.5 
days for each degree decrease in temperature, white below IT'C 
each »C appeared to delay the onset of N2 fixation by about 7 days. 
Since growing plants at 19 Instead of at 21 for only a few days can 
make an important difference In the time to onset of fixation. the 
Applicant emphasized that Infection and/or early nodule development 
were the stages most sensitive to low R2T (Zhang et al., 1995a). 

The Applicant having identified that an early stage in 
the complex process leading to nitrogen fixation was affected, it was 
hypothesized that the poor nodulation observed at suboptimal RZT was 
related to a dismption of plant-to-bacteria signalling during initiation of the 
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symbiosis. B.japonicum cells were thus prelncubated with genistein, a 
major isoflavonoid signal molecule in soybean plants prior to addition to 
soybean root systems. Before these experiments and their publication 
(Zhang et al., 1995b) there had been no investigations as to whether an 
inhibitor of the early steps of nodulation, such as suboptima! RZTs altered 
plant-to-bacteria signaling. Moreover, there had been no Investigation 
that an environmental variable adversably affected nodulation of a 
legume through disruption of interorganlsmal signal exchange. The 
applicant is thus the first to provide data showing that the inhibition of 
soybean nodulation at suboptimal RZTs Is due to a disruption of plant-to- 
bacterial signal exchange. Furthemiore. the Applicant has determined, 
under controlled conditions, that preincubation of B. japonicum with 
genistein increased soybean nodulation and nitrogen fixation under 
suboptimal RZT conditions, and that with decreasing temperature, a 
higher genistein concentration is required. 

Following their demonstration that preincubation of B. 
japonicum with genistein increased soybean nodulation and nitrogen 
fixation at three RZTs under controlled environment conditions, the 
Applicant then showed that this technique, together with genistein directly 
applied into the plant rhizosphere, accelerates the onset of soybean 
nitrogen fixation and increases total seasonal fixed nitrogen under field 
conditions in a short season area (Zhang et al., 1995c). Moreover, the 
Applicant further showed that incubation of B. Japonicum with genistein 
prior to application as an inoculant, or genelstein, without B. Japonicum, 
applied onto seeds in the fun-ow at the time of planting, Increased 
soybean nodulation, N fixation and total N yi Id. under field conditions 
which delay or inhibit nodulation (Zhang et al.. 1 996). The results of these 
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experiments further indicated that genistein application increased nodule 
number and nodule dry matter per plant and hastened the onset of 
nitrogen fixation during the early portion of the soybean growing season, 
when the soils were still cool (conditions that delay or inhibit nodulation 
and nitrogen fixation). Because these variables were improved, total 
fixed N, fixed N as a percentage of total plant N, and N yield increased 
due to genistein application, (n addition, the results indicated that 
genistein application was more effective on N-stressed plants. 

Before the above-mentioned results from the Applicant, 
there had been no prior investigations of whether preincubation of S, 
japonicum with genistein increases soybean nodulation and Nj fixation 
under field conditions, where other factors such as greater COj limitation, 
or the complex nature of the soil microflora may alter the effects observed 
indoors. 

Thus in a first aspect, the present invention features 
compositions for enhancing protein yield and grain yield of legumes 
grown under environmental condition which inhibit or delay nodulation 
thereof. 

In a related aspect, the invention features methods for 
enhancing protein yield and grain yield of legumes gn^wn under 
environmental condition which inhibit or delay nodulation thereof. 

In one preferred embodiment, the present invention 
features compositions and methods for enhancing protein yield and grain 
yield of soybean grown under environmental condition which inhibit or 
delay nodulation thereof. 

Further broad aspects of the instant invention include a 
method of increasing the growth and/or of protein yield and/or of seed 
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yield of legume crops grown under environmental conditions which inhibit 
or delay nodulation thereof with an agriculturally effective amount of a 
composition comprising a Rhizobial strain In admixture with a flavonoid 
nodulation gene Inducing compound and an inoculant earner medium. 

In accordance with the present invention, there is 
provided a composition for enhancing grain yield and protein yield of a 
legume grown under environmental conditions that inhibit or delay 
nodulation thereof, the composition comprising an agriculturally effective 
amount of a nodulation gene-inducing compound In admixture with a 
suitable carrier medium. 

In accordance with the present invention, there is also 
provided a method for enhancing grain yield and protein yield of a legume 
grown under environmental conditions that inhibit or delay nodulation 
thereof, comprising: 

a) Incubating a riiizobial strain which nodulates said 
legume with an agriculturally effective amount of a nodulation gene- 
inducing compound; and 

b) inoculating in the vicinity of one of a seed and root of 
said legume with said rhizobial strain of a). 

While the instant invention is demonstrated by 
experiments perfonned with Bradyrfiizobium japonicum and soybean, the 
invention Is not so limited. Other legume crops, and rhizobial strains may 
be used using the same principle taught herein. Non-limiting examples 
include, alfalfa, Rhizobium meliloti and a nod gene inducing factor 
thereof; clover R meliloti, and a nod gene inducing factor thereof; clover 
R. trifolii, and a nod gene inducing factor thereof; R. leguminosarum peas 
or lentils, and a nod gene inducing factor thereof; and beans R. phaesoli 
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and a nod gene inducing factor thereof. Prefemed matching of Rhizobium 
species with legume crop groups include: 



Rhizobium spenifts 
R. melilotti 
R. legumlnosarum 
R. phaesolii 

Bradyrbizobium japonicum 
R. trifolii 



Legume crop group 
alfalfa, sweet clover 
peas, lentils 
beans 
soybeans 
red clover 



While the instant invention is demonstrated by 
experiments performed using genistein or diadzein as preferred 
nodulation inducing compounds, the invention is not so limited. U.S. 
5,141,745 teaches the molecular structural features that are associated 
with nodulation inducing activity of plant exhibits. Therein, a number of 
flavonolds, Isoflavonoids, flavones including flavanones, flavanols and 
dihydroflavanols, isoflavones, coumarins and related molecules were 
assayed for nodulation inducing activity. Nodulation inducing activity was 
found to reside in a structurally identifiable group of compounds not 
limited to those flavones associated in particular with legumes which 
include specifically substituted flavones. flavonones (dihydroflavones), 
flavanols (3-hydroxyflavones) and dihydroflavanols. The basic flavone 
ring structure common to flavones. flavonones, flavanols and 
dihydroflavanols is requisite for activity. Within the group of flavones, it 
is clear that substitution at the 7th position with a hydroxyl group leads to 
a strong stimulatory activity. It is also clear that substitution of hydroxyl 
or methoxyl moieties at positions 5, 3, 2' or 4' in addition to 7-hydroxyl 
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substitution does not abolish activity. Nor, in general, does substitution 
of tiydroxyl or metlioxyl moieties at position 3' in addition to 7-liydroxyl 
substitution abolisii activity. 

fHowever, flavones or diliydroflavones substituted with 
either hydroxyl or methoxyl at both the 3' and 4' positions require in 
addition to 7-hydroxylation a hydroxyl group at the 5 position for activity. 
The fact that rutin, a 3-0-glycoside of the flavone quercetin, is active for 
nodulation gene induction not only indicates that quercetin is active but 
also that 3-0-glycoside substitution does not abolish inducing activity. In 
contrast, substitution of a glucoside at the 7 position is believed to abolish 
activity. Replacement of the 7-hydroxy group with a methoxy group 
decreases but does not abolish stimulatory activity as evidenced by the 
weak activity of 4'-hydroxy-7-methoxyfIavone. By analogy to active 7- 
hydoxyl substituted flavones, 5-hydroxy-7-methoxyflavone, 4',5'- 
dihydroxy-7-methoxyflavone and 3.4',5'-trihydroxy-7-methoxyflavone and 
tehir dihydroflavone analogs are expected to have stimulatory activity, 
albeit weak. The fact that taxifolin and naringein, both flavanones, have 
stimulatory activity indicates that the double bond In the flavone fused ring 
(between positions 2 and 3) is not necessary for nodulation gene-inducing 
activity. This implies that all flavones and dihydroflavanols having 
substitution patterns as described above have nodulation inducing 
activity. Although alkoxy substituted flavone other than methoxy have not 
been identified from natural sources, there is no reason to believe that 
altemative short chain substituents like ethoxy or propoxy groups would 
abolish nodulation gene induction activity. 
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As examplified in the present application, synthetic as 
well as natural nodulation gene-inducing compounds are encompassed 
by the scope of the present invention. 

Direct or indirect methods of legume inoculation can be 
5 employed. During direct inoculation the bacterium is applied directly to 
the seed prior to sowing. This can most simply be accomplished by 
spraying the seed with or dipping the seed into a liquid culture containing 
a desired Rhizobium strain and a nodulation gene inducer. A preferred 
method of direct inoculation is pelleting of the seed with an inoculating 

10 composition containing a Rhizobium strain and a nodulation gene- 
inducing factor. Generally, the bacterium is applied to a earner material 
and a pellet is formed with the carrier surrounding the seed. Many 
diverse carriers are known in the art and include, among others, peat, 
soil, calcium carbonate, dolomite, gypsum, clay minerals, phosphates, 

15 titanium dioxide, humus and activated charcoal. Any agriculturally 
suitable material can be employed. An adhesive material is often 
included in such a pellet to insure that the carrier remains in contact with 
the seed. Again, many acceptable adhesives are known including, 
among others, synthetic glues, vegetable glues, gelatin and sugars. In 

20 general, the canier and any adhesive used are chosen to insure viability 
of the inoculant strain and retention of activity of nodulation gene-inducing 
factor. Pelleted inoculated seed containing an inducing factor can be 
directly sown into the field. Alternatively, a conventionally prepared 
inoculated seed or seed pellet containing the desired strain can be 

25 contacted with an inducing composition containing an effective amount 
of a nodulation gene inducer before, with or after sowing of the inoculated 
se d. 
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The concentration of nod gene inducing compound will 
be adapted to the particular situation at hand by the skilled artisan. For 
example, the skilled artisan will take into account the level of severity of 
inhibition or delay of the environmental conditions on nodulation, the 
responsiveness of the nod genes of the rhizobial strain to the nod gene 
inducing compound, the method of application of the composition, etc. 
The upper limit of the effective concentration Is determined by toxicity of 
the nod gene inducing compound toward the rhizobial strain or, if 
applicable, by the solubility limit of the inducer in the carrier chosen. 

During indirect inoculation, an inoculating composition 
of the present invention containing an inoculant strain and an effective 
concentration of a nodulation gene inducer is introduced in the vicinity of 
the seed at the time of sowing. 

Having now demonstrated that nodulation gene-inducing 
factors are effective under field conditions, another use of the present 
Invention is for the selective induction in bacteria of genes containing a 
legume nodulation gene-inducing promoter in a structural gene under its 
control. Expression of this structural gene under the control of a nod 
gene-inducing promoter can be activated by the addition of the activator 
therefor. Having demonstrated that these promoters are affected by 
environmental factors such as temperature, the present invention 
provides a means to somehow regulate, through the field conditions, the 
level of expression of the structural gene under the control of the above- 
mentioned promoter. Construction of such chimeras can be adapted 
using conventional methods by the skilled artisan. 

Hereinafter, the Invention is illustrated with reference to 
B. japonicum and soybean, but is demonstrativ of utility of the Invention 
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with other Rhizobium and Bradyrhizobium species and other legume crop 
groups. Indeed, herein the term itiizobia is used loosely and 
encompasses Rhizobium and Bradyrhizobium species. 

The temri "environmental conditions which inhibit or delay 
5 nodulation" should be interpreted herein as designating environmental 
conditions which postpone or inhibit nodulation and nitrogen fixation and 
include, without being limited thereto: conditions that stress the plant, 
such as temperature stress, water stress, pH stress as well as inhibitory 
soil nitrogen concentrations or fixed nitrogen. 
10 As used herein, the tenn "enhancing protein yield and 

grain yield" refers to an enhancement of protein and grain yield of 
legumes of treated plants in accordance with the present invention or 
adaptations thereof as compared to control plants, 

"An agriculturally effective amount of a composition" for 
15 increasing the growth of legume crops refers to a quantity which is 
sufficient to result in a statistically significant enhancement of growth 
and/or of protein yield and/or of grain yield of a legume crop as compared 
to the grovrth, protein yield and grain yield of a control crop. 

The temn "immediate vicinity of a seed or roots" refers to 
20 any location of a seed or roots wherein if any soluble material or 
composition is so placed, any exhibit of the plant or of the bacteria, or 
bacterial cells will be in actual contact with the seed as it genninates or 
the roots as they grown and develop. 

By ^'nodulation gene-inducing" or "nod gene-inducing" is 
25 meant bacterial genes involved in nodule establishment and function. 

Other objects, advantages and features of the pres nt 
Inv ntion will become more appar nt upon reading of the following non 
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restrictive description of preferred embodiments thereof, given by way of 
example only with reference to the accompanying drawings. 

BRIEF DESCRIPTION OF T HE DRAWINGS 

In the appended drawings: 

Figure 1 shows the average daily soil temperature at 
depth of 5 (solid line) and 10 cm (dotted line) during the soybean growing 
season in 1994 (Ste Anne de Bellevue, Quebec, Canada); 

Figure 2 shows the average daily temperatures of air 
(solid line) and soil at a depth of 5 cm (dashed line) and precipitation (bar) 
during the soybean growing season in 1994 (Ste Anne de Bellevue, 
Quebec, Canada); and 

Figure 3 shows the effect of temperature ((a) 10, (a) 15, 

(O) 25 and (•) 30) on p-galactosidase activity of a Japonicum with a 

nodY-lacZ fusion over the first 24 h of incubation with 5 genistein 
concentrations. Genistein was tested for the ability to induce transcription 
of p^alactosidase from a japonicum USDA1 1 0 haitoring plasmid ZB977 
{nodY-lacZ). The background level of 3-galactosidase activity was 
substracted. Each value is plotted as the mean + SE (n = 4). 

DESCRIPTION OF THE PRFFFRRED FMRoniMPNT 

PREINCUBATION OF B. Japonicum WITH GENISTEIN 
ACCELERATES NODULE DEVELOPMENT OF SOYBEAN AT 
SUBOPTIMAL RZTs 
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Controlled environment studies wre performed to 
determine the influence of an environment factor, such as RZT, on plant 
grovirth, nodulatlon and N fixation. 
Plant material 

Seed of the soybean [Glycine max (L) Merr.] cv Maple 
Glen was surface-sterilized in sodium hypochlorite (2% solution 
containing 4 mL L'^ Tween 20) and then rinsed several times with distilled 
water. This cultivar was selected because it was developed for 
production under the short season, cool conditions of eastem Canada 
and it has performed well there. The seeds were sown in trays containing 
a sterilized Turface (Applied Industrial Materials Corp., Deerfield, IL):sand 
(1:1, v/v) mixture. Seven-day-old seedlings at the VC stage [unlfoliolate 
leaves unrolled sufficiently that the edges were not touching] were 
transplanted into sterilized 13 cm plastic pots containing the same 
medium and maintained in a growth chamber (model GB48, Controlled 
Environments Ltd., Winnipeg, Manitoba, Canada) at an irradiance of 300 
Mniol m-' s ' for a 16:8 hours (day:night) photoperiod and a constant air 
temperature of 25''C. 

The pots were sealed to the bottom of plastic tanks (68 
X 42 cm) and RZTs (fO.S'C) were controlled by circulating cooled water 
around the pots, with eight pots in each tank. A hole drilled in the tank 
bottom below each pot allowed the pots to drain when watered. There 
were nine tanks in the growth chamber. Plants were then acclimatized 
for 24 hours prior to inoculation. Plants were watered with a modified 
Hoagland solution, in which the CaNO, and KNO3 were replaced with 1 
mM CaClj. 1 mM K^HPO, and 1 mM KHjPO^, to provide a nitrogen-free 
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solution. Prior to each watering, the added Hoagland solution was 
temperature adjusted to the treatment RZT. 
Pagterial materials 

The inoculum was produced by culturing Bradyrhizobium 
japonicum strain 532C (Hume and Sheln iQflm in yeast extract mannitol 
broth In 250 mL flasks shaken at 125 rpm at room temperature. Strain 
532C has been shown to perform well over a range of temperaturBs 
(Lynch and Smith, 1993, Physiol. Plant fia:21 2-220). For pnDduction of 
B. japonicum preincubated with genistein, 10 mL of a cell suspension 
from a 3-day-old (log phase 2x10' cells mL^ ) sub-culture were 
aseptically added to 50 mL of sterile genistein solution In a 250 mL 
Erienmeyer flask and incubated at 30 "C without shaking for 48 hours 
(Halverson and Stacev 19R4V Following incubation, the cell suspensions 
were pelleted In sterile centrifuge tubes at 7000srfor 10 minutes, washed 
once with distilled water, and resuspended to an fl^ of 0.08 
(approximately 10^ cells mL ). The inoculum was cooled to the 
comesponding root temperature and 1 mL of the inoculum was applied by 
pipette onto the rooting medium at the base of the plant. 
Experiment 1 

In this experiment, two forms of genistein (4', 5, 7- 
trihydroxyisoflavone) were tested: one isolated from soybean (purity of 
98%) and one synthetic (purity of 98%). The two fomis of genistein were 
obtained from Sigma. The experiment was arranged as a completely 
randomized split-plot design with three replications. RZTs were treated 
as main-plot units, at 25''C [optimal temperature for soybean nodulation 
and Nj fixation, 17.5"*C [suboptimal temperature but still above the critical 
17'*C, below which soybean nodulation and Nj fixation were strongly 
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inhibited fLvnch and Smith. 199a- Zhano p/ a/ I995a Fny/ip^ n 
Experiment. Bot. 35: 279-285)]. or 15X [at this RZT soybean nodulation 
was strongly inhibited fLvnch and Smith iQQ!^a)l Each main-plot 
replication was one of the nine tanks described above. The sub-plot 
factor was genistein concentration at 5, 10, or 15 [sM for the synthetic 
genistein or at 5, 10, 1 5. or 20 pM for the Isolated genistein. No genistein 
(0 piy/l) application was used as a control. The synthetic genistein was 
tested at only three levels because each of the replicate tanks could 
accommodate only eight pots (experimental units). In this experiment, 
plants were harvested 50 days after Inoculation (DAI) and the following 
data were collected: nodule number; nodule dry weight; specific nodule 
weight; plant nitrogen content (Kjeltec, Tecator AB, Hoganas, Sweden); 
and growth variables, such as leaf number, leaf area, shoot weight, and 
root weight Fixed nitrogen per plant was calculated by the total plant 
nitrogen content minus the amount of nitrogen in the original seed (1 1.5 
mg seed average of 25 seeds). Because the effects of the two forms 
of genistein were not different for any soybean nodulation variable, Nj 
fixation, or growth, the synthetic genistein was chosen for experiments 2 
and 3. 

Typically, the leaves of inoculated soybean plants 
growing in a 0 N medium initially changed from a healthy green to yellow 
because of depletion of seed nitrogen reserves. Two days after 
nitrogenase activity (acetylene reduction activity) was detected, the fully 
expanded uppennost leaves began to regain their colour and vigour, and 
at that point sharply increased their photosynthetic rate (Zhano of al 
laaSa). Since the uppemiost leaf regreening and photosynthetic rate 
were easily and non-destructively measured, these were used to indicate 
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when the plants had started to fix rZhana and Smith iqq^^ 
Therefore, in this experiment, the photosynthetic rate of the central fully 
expanded uppermost leaflet was measured and was used to indicate the 
onset of Nj fixation by plants exposed to different treatments. The 
photosynthetic measurements were taken by a LI-6200 portable 
photosynthesis system (Li-Cor Inc., Lincoln, NE), between 2 and 6 PM. 
Experiment 2 

This experiment extended the range of genlstein 
concentrations tested in an effort to detennine the optimum level of 
synthetic genistein addition to B. Japonicum cultures for stimulation of 
soybean nodulation at suboptimal R2T. This experiment followed the 
same design as experiment 1. Plants were harvested 50 DAI and the 
data collected were the same as in the first experiment. 
Experiment a 

This experiment was conducted to detemiine whether or 
not the time required for the various infection steps was shortened by 
genistein application. The treatments were ananged In a completely 
randomized factorial design with four replicates. The experiment had 
three temperature levels (25, 17.5, and IS'C) and two synthetic genistein 
levels (0 and 20 pM) for a total of six treatments. Within each RZT, two " 
plants were harvested each day from 1 until 10 DAI. Plant roots were 
washed in distilled water and the six uppemiost secondary roots of each 
plant were taken for microscopic obsen^atlon. Twelve roots were stained 
with 1 % aniline blue for 1 0 min. Then six plant roots were taken randomly 
firom the 12 roots that were harvested from two plants and obsen/ed 
under a light microscope (Jenalumar, Jena Instruments Ltd., J na, 
Gennany). The effects of genist in on the durations of th various 
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morphological changes during the early soybean nodule infection stages, 
which were described over a range of RZTs by Zhang and Smith M994 
4. Exp. Bot. 279: 1467-1473), were investigated at the three RZTs 
indicated. 
Statistical Analysis 

Results were analyzed statistically by analysis of 
variance using the Statistical Analysis System computer package (SAS 
Institute Inc., 1988). When analysis of variance showed significant 
treatment effects, the LSD test was applied to make comparisons among 
the means at the 0.05 level of significance. 
Results 

Genistein effects on nn dulation and nodule mass 
At IS'C RZT, nodule numbers of plants with 0 pM genistein application 
50 DAI ranged from 97.0 to 107.2. When the RZT was 17.5 or 15°C, the 
number of nodules per plant was reduced to 59.3 or 48.3% of that at 
25 'C, respectively. The preincubation of B. japonicum with genistein at 
25''C RZT did not affect (p<0.05) nodule number in experiment 2. 
However, In experiment 1 pretreatment of B. japonicum vwth either 
synthetic or isolated genistein Increased nodule numbers at 5 pM and 
decreased nodule numbers at higher concentrations. At 17.5 and 15'*C, 
some concentrations of genistein were found to increase nodule number 
in both experiments 1 and 2. In experiment 1, the nodule numbers 
increased with increasing genistein concentrations, and the stimulation 
was still increasing at 15 pM for chemically synthesized genistein and 20 
pM for genistein Isolated from soybean plant. The effects of synthetic 
and isolated genistein followed the same pattern. 
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In experiment 2, synthetic genistein application above 
20 \iM either did not further increase (15°C) or decreased (ly.S'C) 
nodule number. Nodule stimulation for plants grown at an R2nr of 1 /.S'C 
occurred over a somewhat lower synthetic genistein concentration range 
(10-20 pM) than for plants grown at 15°C RZT (10-40 pM). The data from 
experiment 2 indicate that at 0 and 5 pM of synthetic genistein the 
number of nodules fomned on plants at IT.SX RZT was higher than for 
plants at IS'C RZT. However, between 10 and 40 pM, there was no 
difference in nodule number for plants at 17.5 and 15°C RZT. At 20 pM 
the number of nodules formed at 17.5 and IS'C was not different from 
the number fomied at 25°C. A similar pattern of diminishing nodule 
number differences between 17.5 and ISX at higher synthetic genistein 
concentrations was also apparent in the data from experiment 1. 

Genistein application also increased the total nodule 
mass of soybean plants at suboptimal RZT. In experiment 2, at 0 pM 
synthetic genistein, the plant nodule weights at 17.5 and 15°C RZT were 
only51.4 and 19.7%, respectively, of those of plants grown at25''C RZT 
When the synthetic, genistein concentration was 20 \iM, the nodule 
weights of plants at 17.5°C were not different from those of plants at 
25'C RZT, whereas nodule weights of plants at IS'C RZT increased to 
40.4% from 19.7% of that of plants grown at 25-0 RZT. The nodule 
mass data from plants with isolated genistein application from experiment 
1 followed the same pattern. At 0 pM isolated genistein. the plant nodule 
weights at 17.5 and 15X RZT were 46.3 and 23.1%, respectively, of 
plants at 25»C RZT, whereas at 20 pM isolated genistein these increased 
to 74.7 and 36.5%, respectively, of plants at 25»C RZT. 
GenistRin effects on N]., fivf^tinn 
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As indicated by the change in photosynthetic rate of 
uppermost fully expanded leaves, the onset of Nj fixation by plants grown 
at 25. 17.5, and 1 5''C RZT started at 1 9 to 21 , 29 to 33, and 39 to 45 DAI, 
respectively. For plants grown at IT.SX RZT, the photosynthetic rate 
decreased with time prior to the onset of fixation, regardless of 
genistein treatment. However, when the photosynthetic rates recovered 
because of commencement of fixation, the photosynthetic recovery of 
plants inoculated with B.japonicum treated with 20 pM genistein occuned 
sooner than that of other treatments. At 31 DAI, the photosynthetic rate 
at 20 pM was higher than that of other genistein applications. Once all 
six treatments started fixing nitrogen and the photosynthetic rates had 
increased sharply, the photosynthetic rate assumed a pattern of gradual 
decline that was not different among treatments. 

For plants at IS'C RZT changes in photosynthetic rates 
over time were qualitatively similar to those of plants grown at IZ.S^C 
RZT, but the recovery of photosynthetic rates occuned later, between 39 
and 45 DAI. Since plants that had received the 20 pM synthetic genistein 
treatment started fixing nitrogen earlier, the photosynthetic rate of these 
plants reached its peak value earlier. Also, because genistein application 
increased nodule number and hastened the onset of fixation, the total 
fixed nitrogen was higher in plants receiving 10 to 20 \iM genistein at 
l/.S'C RZT. At the lowest RZT (15X), genistein application Increased 
the number of nodules, but measured total fixed Nj did not appear to 
increase In either experiment. At 25 »C RZT the onset of fixation was 
not accelerated by genistein application. 

Genist in application also led to an increased plant total 
dry weight at both 17.5 and 15»C RZT. However, for other growth 
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variables, such as leaf number and leaf area, no differences were found 
due to genistein treatments. 

MicrosCQPic observations of yanistein effects on r o ot hair cijrijn g and 

The durations of the various morphological changes 
during the eariy nodule infection stages of soybean under optimal and 
suboptlmal RZT conditions w^ere reported by Zhang and Smith riQg4) 
For the control plants (0 pM synthetic genistein) of this experiment 
maintained at 25''C RZT, curled root hairs were observed 0.5 DAI and the 
initiation of Infection threads occun-ed 1 DAI. For the plants grown at 
suboptlmal RZTs, all infection steps were delayed. Root hair curiing 
commenced within 1 day for plants at 17.5 or IS'C RZ.T; however, this 
stage ended 1 DAI for the plants grown at 17.5°C RZT and 2 DAI for the 
plants at 15°C RZT. Root hair curiing for plants that received synthetic 
genistein-treated bradyrhizobia was already complete by the time of the 
first observation (0.5 DAI) at all three RZTs. Infection thread initiation had 
commenced by 0.5 DAI for the plants grown under optimal RZT (25''C) 
and within 1 DAI for control plants at the sub-optimal RZTs (17.5 and 
15°C). The times between inoculation and the curiing of the root hairs for 
control plants grown at 17.5 and IS-'C RZT were 0.5 and 1.5 days longer, 
respectively, than those of plants at 25 "C. Application of 20 pM synthetic 
genistein shortened this stage, such that it was already complete by 1 
DAI for all tiiree RZTs. The frequency of curied root hairs for plants that 
had received B.japonicum preincubated with genistein was much higher 
than for plants that had received untreated bacterial cells (about 40 and 
30% higher, respectively, for plants at 16 and 17.5''C RZT). 
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Elongation of infection threads was not affected by 
genistein application. Infection threads of plants at 25^*0 RZT reached 
the base of root hairs 2.5 DAI, for an elapsed time of 2 days after infection 
thread initiation. Infection thread growth of plants at the sub-optinnal 
RZTs (17.6 and IS'^C) was slowed, with infection threads reaching the 
base of the plant root hairs 5 and 8 DAI, respectively. The application of 
genistein did not shorten the elapsed time from infection thread initiation 
until the infection threads reached the base of the root hairs. 
Discussion 

Genistein application increased the number of nodules 
at suboptimal RZTs (17.5 and 15"'C). This increase occurred over a 
range of genistein concentrations at both 15 and 17.5''C RZT. Genistein 
concentrations of 15 to 20 pM had the greatest effect on stimulation of 
nodulation. At optimal (25^C) RZT, 5 pM genistein caused a numerical, 
but not a statistical increase in nodule number. There are three possible 
explanations for the stimulative effect of genistein at suboptimal IRZT: (a) 
soybean plants are less able to synthesize signal molecules (including 
genistein) at suboptimal RZT, (b) soybean plants are less able to excrete 
signal molecules at suboptimal RZT, (c) bradyrhizobia are less sensitive 
to plant signal molecules at suboptimal RZT. 

Genistein application increased the number of soybean 
nodules fornned at 17.5 and 15**C RZT. This could be due to an increase 
either in the number of infections initiated (as observed microscopically) 
or in the proportion of infections leading to nodule fomnation. In our 
experiments, preincubation with genistein at 30 °C prior to soybean 
inoculation activat d the bradyrhizobialnocf genes. The expression of the 
bradyrhizobia! nod g nes has been shown to stimulate production of the 
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bacterial nod factor. This nod factor has been identified as a lipo- 
oligosaccharide that Is able to induce many of the early events in nodule 
development, including defonnation and curling of plant root hairs, the 
Initiation of cortical cell division, and induction of root nodule meristems. 
Modulation events started earlier at both of the suboptlmal RZTs tested, 
presumably because the added genistein stimulated the production of the 
lipo-oligosaccharide . 

The effect of genistein concentration increased with 
decreasing RZT. At suboptimal RZT (17.5 and 15"C) the most effective 
concentrations vi/ere in the 15 to 20 \^M range, whereas at optimal (25''C) 
RZT there was some Indication that 5 pM may have been effective. The 
the activation of B. japonicum nodABC-lacZ fusions by daidzein and 
genistein has been tested. It was showed that 5 pM genistein is sufficient 
to maximally induce the nodulation genes and higher concentrations did 
not inhibit nodule gene induction. Our results at 25*0 RZT confimied the 
findings ofKosslak gfa/ naftj) However, the results at 17.5 and 15»C 
RZT indicated that the rhizobial nod gene induction may be temperature 
dependent; at lovi^er temperatures higher genistein concentrations were 
required to cause nodule number increases. 

Although the number and size of nodules produced was 
increased by S. Japonicum preincubated with genistein, nitrogen 
concentration of plants in experiment 1 and most shoot or root nitrogen 
concentrations in experiment 2 were not different, the exception being a 
genistein-produced increase in shoot nitrogen concentration of plants 
maintained at 17.5'C RZT. This seems to indicate that the additional 
nodule mass fonned by genistein stimulation at suboptimal RZT is 
in ffici nt Other studies have also found that nodules formed at 
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suboptimal RZT are less efficient. It was reported that the effect of low 
temperature on Nj fixation and Np -nitrogen assimilation might be 
mediated via effects on photosynthesis or translocation, as has been 
demonstrated through photosynthetic limitation of nitrogenase activity. 
The effects of low temperature on the function of Nj fixing nodules could 
also be due to changes in nodule O2 pemieability, although this remains 
to be investigated. Soybean plants export the nitrogen fixed in nodules 
mainly in the fonn of ureide. the solubility of which is low and decreases 
rapidly as temperature declines; suboptimal RZT may have limited the 
rate of export of fixed nitrogen from nodules, resulting in decreased 
nitrogenase activity. Decreased temperature has also been reported to 
result in progressively less bacteroid tissue inside nodules. The number 
and the mass of nodules for soybean plants maintained at 15-0 RZT 
were increased by genistein application, but the accumulation of nitrogen 
In the plants was not different among genistein treatments. However, for 
the plants inoculated by B. japonicum treated with genistein. the total 
nodule number increased and the onset of Nj fixation was earlier; the 
total fixed nitrogen per plant increased because of increasing plant dry 
weight at 17.5°C. The lack of an effect at 15 RZT may be an artifact. 
These plants were harvested only one week after the onset of fixation, 
so that differences in the amounts of nitrogen fixed may not yet have 
been detectable. 

Soybean is a subtropical legume that has been shown 
to have an optimal temperature range of 25 to SO'C for nodulation. The 
time course of each nodulation stage under optimal RZT conditions has 
been well described. Bacterial attachment to root hairs occurs within 
minutes of inoculation and is followed, within 12 hours, by marked curiing 
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Of short root hairs. Infection threads, first visible within 24 hours of 
inoculation, reach the base of the root hair by 48 hours after inoculation. 
However, Zhang and Smith nfl94^ fmmri that at suboptimal RZTall of the 
infection steps were progressively delayed. For example, the period 
between inoculation and root hair curling was 1 and 2 days, respectively, 
for plants grown at 17.5 and IS'C RZT compared to the 0.5 days for 
plants at25''C RZT. Application of 20 \iM genistein shortened this stage, 
such that it was already complete by 1 DAI for all three treatment RZTs. 
Since genistein application accelerated nodulation at suboptimal 
temperatures, the onset of Nj fixation by plants that received 20 pM 
genistein was 1 to 2 days earlier than by 0 |jM control plants. 

The two fonns of genistein tested were not different with 
regard to effects on nodulation, Nj fixation, and plant growth variables. 
Since the genistein types were prepared very differently but resulted in 
essentially the same effects on soybean nodulation and Nj fixation, the 
effects observed in this study would appear to be attributable to genistein 
rather than to any contaminants in the genistein material used. 

In summary, this is the first time an environmental 
variable, in this case suboptimal RZT, has been shown to adversely affect 
nodulation by a legume through disruption of interorganismal signal 
exchange. In this case, preincubation of B. japonicum with genistein 
reduced the time elapsed before the beginning of root hair curling at 
suboptimal RZT , shortened the time from inoculation to the onset of Nj 
fixation, increased the number of nodules produced, increased the size 
of the nodules produced, increased the amount of nitrogen fixed and 
increased plant growth at suboptimal RZT but had little or no effect at 
optimal RZT. In this system th optimum signal (genistein) concentration 
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was 15 to 20 pM. The genistein stimulation of nodulation was seen with 
genistein from two sources (extracted from soybean and chemically 
synthesized). Two separate experiments showed that genistein 
stimulation of nodulation occurred for many of the genistein 
concentrations (treatments) at both 17.5 and 15''C RZf. The microscopic 
observations provided mechanistic data that support the macroscopic 
observations. 

APPLICATION OF GENISTEIN TO INOCULA AND SOIL TO 
OVERCOME LOW SPRING SOIL TEMPERATURE INHIBITION OF 
SOYBEAN NODULATION AND NITROGEN FIXATION 

Since genistein has been shown above as playing an • 
important role as a signal molecule in the early stages of symbiosis 
establishment between soybean and B. japonicum, it was of Interest to 
detemiine whether suboptimal RZTs disrupt inter-organismal signalling, 
and whether preincubation of B. japonicum with genistein could inci«ase 
soybean nodulation and Nj fixation under field conditions. Controlled 
environment investigations have demonstrated such an effect under 
sand-hydroponic conditions. As shown above, the preincubation of 8. 
japonicum with genistein reduced the time elapsed before the beginning 
of root hair curling, shortened the time from inoculation to the onset of 
fixation, and increased the amount of total nitrogen fixed per plant at 
suboptimal RZTs (Zhang anri Smith -jft^i^ b Plant Phyf, 1Q8:961-Qfifl\ 
Site preparation and ftgirf [fly^ii^ 

Twoexperim nts were includ d in this study, located at 
th Emile A. Lods Research C ntre. McGIII Univ rsity, Macdonald 
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Campus. Each of the experiments were earned out at two adjacent sites. 
At one site the soil was surface-sterilized by the application of methyl 
bromide (50 g m'^ under a plastic canopy for 72 h (sterilized site). Three 
days elapsed between removal of the fumigation canopy and planting. 
At the other site the soil was unsterilized. The sterilized site was included 
to prevent possible competition from native B.japonicum or interference 
firom other elements of the soil microflora that might obscure genistein 
preincubation effects. The first experiment included three factors: 
genistein application, B. japonicum strains and soybean cultivars. The 
experimental design was a 2 x 2 x 2 factorial organized in a randomized 
complete blocl< split-plot with four replications. The main-plot units 
consisted of genistein application treatments, [0 and 20 pM (Zhant? and 
Smith. 1995t?)], while the combinations of two soybean cultivars, Maple 
Glen and AC Bravor. and two strains of B. Japonicum [532C fHume and 
Shelp. 199Q) and USDA1 10] fonned the sub-plot units. Two factors were 
included in the second experiment, genistein application, and soybean 
cultivars. This experimental design was also antinged as a randomized 
complete block split-plot design with four replications. Two levels of 
genistein concentration, 0 and 20 pM, were arranged as main-plot units, 
and soybean cultivar. Maple Glen and AC Bravor, were the subplot units. 
For each replication of both experiments one plot of a non-nodulating 
Evans was included as control, for estimating plant seasonal nitrogen 
fixation. At the unsterilized site, each sub-plot (2 x 3 m) consisted of four 
rows of plants with 40 cm between rows. The space between plots was 
80 cm and between replications 1 m. At the sterilized site, the size of 
each sub-plot was 1.6 x 2 m and consisted of three rows of plants, also 
with 40 cm between rows. The space between plots was also 80 cm and 
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between replications, 2 m. The soil type was a Chicot light sandy loam. 
In the previous year, 1993, this experimental field had been planted with 
oat and barley, while in 1992 green manure alfalfa was produced in this 
area. The soil nitrogen available for soybean uptake was high and the 
5 average nitrogen accumulation in the non-fixing plants was 167 kg ha'\ 
Potassium and phosphate were provided by the spring application of 340 
kg ha-^ of 5-20-20. 
Inoculum preparation 

The inoculum was produced by culturing B.japonicum strains 532C and 

10 USDA1 1 0 in yeast extract mannitol broth in 2000 mL flasks shaken at 125 
rpm at room temperature (23-25 "C). Strains 532C and USDA1 10 have 
been shown to perform reasonably well over a range of temperatures 
rivnch and Smith. 1993a P hvsiol. Plant 8 8:?17-?^p) For producUon of 
B.japonicum preincubated with genistein (4', 5, 7-Trihydroxyisoflavone, 

15 purity of 98%, Sigma, Mississauga, Ontario, Canada) 100 mL of a cell 
suspension from a three-day old (log phase 2x10^ cells mL^) sub-culture 
were aseptically added to 500 mL of sterile genistein solution in a 2000 
mL Erienmeyer flask and incubated at SO'C without shaking for 48 h 
(Halverson and Stacey 1984) Following incubation, the cell suspensions 

20 were pelleted in sterile centrifuge tubes at 7000 g for 10 min, washed 
once with distilled water, and resuspended to an ODom of 0.08 
(approximately 10* cells mL"'). 
Planting methods 

Seed of the soybean [Glycine max (L.) Men-.] cultivars 

25 'Maple Glen' and 'AC Bravor" were surface-sterilized in sodium 
hypochlorite (2% solution containing 4 mL L ' Twe n 20), then rinsed 
several times with distilled water. These cultivars were selected as they 
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have been developed for production under the short season, cool 
conditions of eastern Canada and have performed well there. The seeds 
were hand-planted on May 11 and 18 at the unsterlllzed and sterilized 
sites, respectively. The delay in planting the sterilized site was due to the 
extra time required for the methyl bromide fumigation. Twenty mL of 
inoculum (for experiment 1), or 20 mL of either genistein solution or 
distilled water (for experiment 2) per one metre row were applied by 
syringe directly onto the seed in the furrow. The risk of cross 
contamination was minimized throughout planting and all subsequent 
data collection procedures by alcohol sterilization of implements used. 
Following emergence, seedlings were thinned to achieve a stand of 
500.000 plants ha"" (20 plants m"^ of row). 
■^N application 

To allow the measurement of seasonal Nj fixation rates 
by the Isotope dilution method, ^^N was applied (1.2 kg hs\ 99% pure, 
Isotec Inc.. Miamisburg, OH, USA) as double-labelled ammonium nitrate 
in solution, to a microplot of six plants (30 x 40 cm) within each subplot 
In the first three replications at both sites in both experiments. Each 
microplot was sun-ounded by plastic sheeting placed in the soil to a depth 
of 15 cm to prevent lateral soil losses of the labelled nitrogen. The 
labelled nitrogen was applied at growth stage VI (the first unifoliate leaf). 
Data collection 

Daily soil average temperatures at depths of 5 and 10 
cm were recorded at the Macdonald Campus weather station, McGlll 
University, Ste. Anne de Bellevue, Quebec, Canada, 500 m from the 
xperim ntal field. 
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The onset of Nj fixation was measured from one month 
after planting. Acetylene reduction activity assays were used as a +/- 
measure of nitrogenase activity. Four plants were randomly selected 
from each sub-plot. These plants were uprooted and detopped: the roots 
were exposed to 10% acetylene in a sealed one litre Mason jar for 10 
minutes. A 0.5 mL gas aliquot was then extracted and analyzed by gas 
chromatography (Hardv et al. 1 flfift^ When acetylene reduction activity 
was detected in all the genistein application plots, the number, weight, 
and nitrogen concentration of nodules were measured. 

The final nodulation data were taken fi-om plants 
harvested on August 12. At this time the plants were at the R6 
developmental stage. The plants to be harvested were uprooted, the 
roots were washed with distilled water and the nodules were removed, 
counted and weighed. Microplot materials were harvested by hand at 
harvest maturity, oven-dried at 70°C for at least 48 h, and weighed. The 
seeds were threshed by hand and ground using a Moulinex coffee mill 
(Moulinex Appliances Inc.. Virginia Beach, VA, USA). The above-ground 
plant tissue from each microplot was ground separately to pass a 1 mm 
screen of a Wiley mill (A. H. Thomas Co., Philadephia, PA, USA). The 
nitrogen concentration of grain and other plant tissues was then 
detemiined by Kjeldahl analysis (Kjeltec system, Tecator AB, Hoganas, 
Sweden). Following Kjeldahl analysis, a sample of the distillate obtained 
from the microplot shoot and grain material was dried and the ammonium 
present converted to nitrogen gas by an adaptation of the Dumas method 
(Preston gffl/ Iflfti) before measuring the ^«N:^*N ratio of each sample 
by emission spectrometry (Jasco N-150 analyzer, Japan 
Spectroscopic Co., Tokoyo, Japan). The sensitivity of the spectrom ter 
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was generally In the range of ± 0.005% and the conrelation coefficient 
value on calibration curves with standards was always greater than 0.99. 
The proportion of the total plant nitrogen derived from Nj fixation was then 
detemiined following the formula described in Lynch and SmiUi M993b 
Plant Soil 1 57:2S9i3Q3): 

N% from fixation 

= {1 - [0«N:^*N of fixing plant)/("N:'''N of control plant)]} 

x100. 

Statistical analysis 

Results were analyzed statistically by analysis of 
variance using the Statistical Analysis System (SAS) computer package 
(SAS Institute Inc., 1988), except the onset of nitrogen fixation data 
(presented in Table 1). When analysis of variance showed significant 
treatment effects, the least significant difference (LSD) test was applied 
to make comparisons among the means at the 0.05 level of significance. 
The times of onset of Nj fixation by soybean plants Inoculated with B. 
japonicum preincubated either with or without genlstein were compared 
by the McNemar test. 
Results 

Soil temperature and plan t development 

The seasonal soil temperature data indicated that the 
average daily RZTs at depths of 5 to 10 cm were below IS'C until early 
June, and remained well below 20»C until mid July (Fig. 1). These 
conditions slowed the rate of seedling emergence and symbiotic 
establishment between soybean host plants and fi. japonicum, 
particularly forth arlier-s ded plants of th unsterilized sit . For the 
May 11 planting at the unsterilized site, seedlings emerged on May 25, 
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14 days after planting (DAP). The first trifoliate leaf occurred at 38 DAP. 
and flowering in mid-July. Plants seeded on May 18 at the sterilized site 
emerged at 9 DAP and the first trifoliate leaf occurred only 1 day later 
than plants in the unsterilized plots. Plants in the sterilized site flowered 
and reached physiological maturity (eariy September) at the same times 
as plants in the unsterilized site. 
Native soil B. iapnninnn^ 

The plants at the unsterilized site in experiment 2 fbmied 
few nodules, and at physiological maturity there were less than three per 
plant, although the nodules were very large, having a per nodule weights 
that were almost 5 times larger than those on the plants of experiment 1. 
These result indicated that in the native soil population of B. j'aponicum 
at the unsterilized site was low. However, at the sterilized site, the 
fumigation with methyl bromide was not completely effective and the 
plants in experiment 2 fomied reasonable nodule numbers. Because at 
least some contamination occurred at both sites, the non-nod ulating 
plants were used as the reference for estimating seasonal Nj fixation In 
both experiments. Because of the higher levels of contamination at the 
sterilized site, comparisons between B. Japonicum strains could not be 
made with confidence. Results from the sterilized site, therefore, focus 
on the effect of genistein application, and the two way interaction 
between genistein application and soybean cultivars. 
Genistein effects on nndulatlon and thP o nset of mtmpen fiyattnn 

The acetylene reduction assay was used as a +/- 
indicator of the onset of nitrogen fixation in experiment 1 and showed that 
the genistein-pretreated B. japonicum resulted in a two to four days 
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earlier onset of Nj fixation on both the sterilized and unsterilized sites 
(Table 1). 
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When acetylene reduction activity was detected In all genistein-treated 
plots (June 17) at both the unsterilized and sterilized sites, genistein 
preincubated both B.japonicum strains USDA110 and 532C increased 
nodule numbers for both cultivars of AC Bravor and Maple Glen. At the 
5 unsterilized site AC Bravor plants receiving genlstein-preincubated B. 
japonicum contained 127% more nitrogen in their nodules than those 
receiving untreated B.japonicum (Table 2). The genistein treatment also 
increased AC Bravor nodule mass, both plant nodule v>^eight and 
individual nodule weight, at early soybean growth stages (Table 2). 
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At crop physiological maturity, the combination of AC Bravor and 
application of S. japonicum preincubated with 20 jjM genistein at the 
unsterilized site resulted in an increase in nodule number and nodule 
weight per plant (Table 2). At the sterilized site, genistein application did 
not cause any significant changes on nodule number and nodule mass. 
Genistein and seasonal N. fivafi^n 

Seasonal Nj fixation by AC Bravor plants treated with genistein increased 
by 65% by the N difference method and 63% by the ^^N dilution method 
at the unsterilized site (Table 4). 
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Genistein-preincubated B.Japonicum increased total plant nitrogen 
yield of AC Braver by 20% at the unsterilized site and by 17% at the 
sterilized site (Tables 4 and 5). As plant protein yield Is generally 
calculated by simply multiplying N content by 6.25 the same increases 
6 apply to seed protein yield. Total plant seasonal Nj fixation (by the «N 
dilution method) and total nitrogen yield of Maple Glen plants receiving 
preincubated-fl. japonicum 532C was 47 and 9% higher than of those 
receiving 8. japonicum 532C only, whereas both variables for Maple 
Glen plants receiving either preincubated-S. yapon/ct/m USDA110 or B. 
10 japonicum USDA110 only were not different at the unsterilized site 
(Table 4). At the sterilized site, however, 8. japonicum strain, did not 
affect seasonal Nj fixation for Maple Glen plants receiving either 
genistein treated inoculum or inoculum only (Table 5). 
Experiment 9 

In experiment 2, application of genistein onto seeds In 
the funx3w increased the number of nodules at both the unsterilized and 
sterilized sites at the first sampling date (Table 6). 
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TABLE 6 



Effects of genistein applied directly onto seed in furrow at the time of 
planting on plant nodule number and nodule weight at both the unsteriiized and 
sterilized sites, (data from experiment 2) 



site 



genistein 



unsteriiized 



first sampling* 



sampling on August 12 



nodule weight (mg) nodule weight (mg) 
nodule no. nodule no, 



planf' nodule'* 



planr* nodule-^ 



20 nM 


0.08 






3.78 


116.21 


36.33 


-* > 


OnM 


0.05 






1.76 


78.49 


44.60 




probability 


NS 






- NS 


0.05 


NS 




20 nU 


35.50 


11.65 


0.32 


58.25 


263,22 


4.58 




0 liM 


27.92 


11.02 


0.40 


52.50 


229.50 


4.37 




probability 


0.05 


NS 


NS 


NS 


NS 


NS 





sterilized 



*the date of first sampling was the same as experiment 1 . for the unsteriiized - June 
17. for the sterilized site - June 30. Means within the same column and site were 
analyzed by an ANOVA protected t test. 
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At crop maturity, nodule weight per plant was increased 
by genistein at the unsterilized site. Genistein application, in the absence 
of deliberate B.japonicum inoculation, also increased seasonal Nj fixation 
at both the unsterilized and sterilized sites (Table 7). The final total 
nitrogen yield of plants directly receiving 20 \iM genistein increased 25 
and 26% compared to those receiving only distilled water at the 
unsterilized and sterilized sites, respectively. 
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Discussion 



Genlstein application increased the nodule numbers of 
both AC Bravor and Maple Glen plants at the first sampling date, and AC 
Bravor plants at the second sampling date at the unsterilized site (Table 
2). At this site plants were sown on May 1 1 , ten days before the nomjal 
planting date for soybean in this region. A similar increase in nodule 
number was not found at the sterilized site. The difference between the 
two sites may have been due to the different planting dates. At the 
unsterilized site the soil temperature at a depth of 5-10 cm was below 
17°C throughout the period between seeding and the time when the 
colour of the nodule centre changed from white to pink (two to three days 
before nitrogenase activity was detected, June 12). However, at the 
sterilized site, the 5-10 cm soil temperature was above 18°C for almost 
two thirds of the time between germination and the onset of nitrogen 
fixation and above 20^ for half this time. The preincubation of 
Bradyrhizobium with genlstein has been shown to increase nodule 
numbers at lower RZT, and the effect of genlstein application on nodule 
number and nitrogen fixation decreased with increasing RZT rZhana ancj 
Smith . 1995b) . Genlstein application increased the number of nodules 
per plant at the unsterilized site. This could be due to an increase either 
in the number of infections Initiated or in the proportion of infecHons 
leading to nodule formation rzhano anri .qmith, i^c^ffh) At the final 
harvest, although nodule numbers were still numerically higher for the 
genistein treatments than the controls at the unsterilized site, they were 
not statistically different (Table 2). 
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At both the unsterilized and sterilized sites, the onset of 
nitrogen fixation by plants receiving bradyrhizobia preincubated with 
genistein was two to three days earlier than those receiving regular 
inoculum (Table 1). Soybean is a subtropical legume crop which has 
been shown to have an optimal temperature range of 25 to 30 °C for 
nodulation. The time-course of each nodulation stage under optimal RZT 
conditions has been well described. Bacterial attachment to root hairs 
occuned within minutes of inoculation and was followed, within 12 h, by 
marked curling of short root hairs. Infection threads, first visible within 24 
h of inoculation, reached the base of the root hair by 48 h after 
inoculation. However, at suboptimal RZT all of the infection steps were 
progressively delayed fZhana and S mith. 1994 .1 M fi ^ p -^^A^ 
J4Z21. For example, the period between inoculation and root hair curling 
was one and two days longer, respectively, for plants grown at 17.5 and 
15»C RZT than for plants at 25''C RZT. It seems likely that preincubation 
of B. japonicum with genistein at 30°C prior to soybean inoculation 
activated the bradyrhizobial nod genes. The expression of the 
bradyrhizobial nod genes should have stimulated production of the 
bacterial nod factor. This nod factor has been Identified as a lipo- 
oligosaccharide. to induce many of the eariy events in nodule 
development, including deformation and curiing of plant root hairs, the 
initiation of cortical cell division, and induction of root nodule meristems. 
Because the added genistein stimulated the production of the llpo- 
ollgosaccharide, the period between inoculation and root hair curiing was 
one to two days shorter rzhana anri .c^g^jth iftpfti^) it seems very 
probable that preincubation of B. Japonicum with genistein had the same 
effects in th field as in the controlled environm nt work, leading to 
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accelerated nodulation and the onset of nitrogen fixation In cool spring 
soybean production areas. 

Since the number and dry nnatter of nodules per plant 
were increased and the onset of nitrogen fixation was hastened by B. 
japonicum preincubated with genistein, total fixed nitrogen and nitrogen 
yield per plant were increased (Tables 4 and 5). This agreed generally 
with our previous finding that genistein application increased total fixed 
nitrogen at 17.5'C RZT, but not at 25»C RZT, under controlled 
environmental conditions (Zhang and S mith. 199fih^ |t has been 
reported that the effect of low temperature on fixation and NQ - 
nitrogen assimilation might be mediated via effects on photosynthesis or 
translocation. This has been demonstrated through photosynthetic 
limitation of nitrogenase activity. Soybean plants export the nitrogen fixed 
in nodules mainly in the fonn of ureide, the solubility of which Is low and 
decreases rapidly as temperature declines; suboptimal RZTs may have 
limited the rate of export of fixed nitrogen from nodules, resulting in 
decreased nitrogenase activity. These studies indicate that nodules are 
less efficient at suboptimal RZT, especially when RZT is below 17'C. In 
contrast to our previous controlled environment study, in which RZTs 
were constantly maintained at 17.5 or 1 5X fZhana and .qmith ^ f^) soil 
temperature generally increased throughout the first half at the soybean 
growing season underfield conditions (Fig. 1). Therefore, the efficiency 
of the higher nodule numbers resulting fi-om genistein application was not 
limited by soil temperature, and total fixed nitrogen and nitrogen yield of 
plants receiving preincubated B. japonicum with genistein were higher 
than those of plants receiving regular inoculum. Sorent (iQ7^) 
speculated reported that an increase of ten percent in the period of 
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nodule activity of a grain legume, particularly betweeri the onset of 
fixation and the attainment of maximum fixation, could double the 
seasonal level of nitrogen fixed. In our experiment, the time of nodule 
function was about 70 days (late-June to early-September). Genistein 
application resulted in a two to four days increase In the duration of 
fixation (Tabre 1). Over the whole study, the total amount of nitrogen 
fixed was increased by approximately 40%. It seems likely that some of 
this increase in total fixed nitrogen was due to earlier nitrogen fixation 
hastened by genistein application under short season conditions, with the 
remainder due to the increased plant nodule numbers In the early 
vegetative growth stages. 

The cultivar AC Bravor tended to be more responsive to 
Inoculation with genisteln-treated BJaponicum than Maple Glen at both 
the unsterilized and sterilized sites (Tables 4 and 5). AC Bravor Is a 
later-maturing cultivar and has a higher potential yield than Maple Glen 
(Consell Des Productions V6g6taies du Qu6bec recommendations); 
however, at crop physiological maturity it had lower nodule numbere, 
nodule weight per plant and tissue nitrogen concentration than Maple 
Glen at the unsterilized site (Tables 2 and 4). Therefore, nitrogen 
limitation v/as more probable for AC Bravor growth and development. 
Increased nodule number and dry matter per plant of AC Bravor due to 
genistein application would have reduced nit-ogen limitation; therefore, 
the total fixed nitirogen and nitrogen yield were greater tiian those of 
Maple Glen. At Vne sterilized site, the same pattern was found for nodule 
number (Tables 3 and 5). This showed that the effect of preincubation 
of B. japonicum witfi genistein on soybean nodulatlon and nitrogen 
fixation was more pronounced under plant nitrogen stress conditions. An 
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interaction also existed with B. japonicum strain (Table 4). The 
combination of USDA1 10 with genistein resulted in greater increases in 
total fixed nitrogen, fixed nitrogen as a percentage of total plant nitrogen, 
and nitrogen yield than was the case for strain 532C. 

One very interesting finding from the second experiment, 
those not deliberately inoculated with B. japonicum, was that the tissue 
nitrogen concentration and yield of plants inoculated with the genistein 
control solution were higher than those of plants which received neither 
B. Japonicum nor genistein (Tables 6 and 7). It would seem that there 
are three possible explanations for the stimulative effect of genistein 
applied directly onto the soil. First, since genistein has been Isolated and 
Identified as a major inducer of nod genes in B. japonicum), genistein 
could have increased the infection rate by endogenous B, Japonicum, 
resulting in increased soybean nodulation and N2 fixation (Tables 6 and 
7). In support of this possibility directly applied genistein onto the seed 
furrow at the planting time increased nodule numbers (Table 6). Second, 
increased total fixed nitrogen and nitrogen yield could be partially due to 
oflier functions of genistein. It has been reported that this isoflavone and 
its derivatives appear to be involved in resistance to both Insects and 
fungi. Flavonoids can also function as modulators of polar auxin 
transport. Third, genistein could have stimulated other benefidal soil 
microorganism, such as mycontizal fungi, leading to a stimulation overall 
growth which would have resulted in greater nodulation and nitrogen 
fixation. 

In summary, this is the first field research showing that 
preincubation of 8. Japonicum with g nistein, or directly applied g nistein 
Into plant rhizosphere Increased soybean nodulation and nitrogen fixation. 
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Four separate experiments have all demonstrated the stimulative effects 
of genistein. Genistein application increased nodule number and nodule 
dry matter per plant and hastened the onset of nitn^gen fixation, 
especially for early-planted soybean (unsterilized site). Total fixed 

6 nitrogen, fixed nitrogen as a percentage of total plant nitrogen, and total 
nitrogen yield all increased due to genistein application. Interactions 
existed between genistein application and soybean cultivars, and 
indicated that genistein applied to more nitrogen-stressed plants was 
more effective. Wherever adequate B.japonicum soil populations existed 

0 it seems that 8. japonicum nod genes could be stimulated by simple 
addition of genistein to the soil. Overall, from this study it is clear that 
preincubation of 8. japonicum with genistein can increase soybean 
nodulation and nitrogen fixation. 



1 5 INOCULATION OF SOYBEAN {Glycine max. (L) Merr.) WITH 

GENISTEIN-PREINCUBATED Bradyrhizobium japonicum OR 
GENISTEIN DIRECTLY APPLIED INTO SOIL INCREASES 
SOYBEAN PROTEIN AND DRY MATTER YIELD UNDER SHORT 
SEASON CONDITIONS 

20 

After having demonstrated that genistein-preincubated 
8. Japonicum or genestein applied directly to the rhizosphere can 
increase soybean nodulation and N fixation, field studies were perfomied 
to assess whether genistein could also increase soybean grain and 
25 protein yield. 
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Site preparation and field layout 

The two experiments included in this study were located 
at the Emile A. Lods Research Centre, McGill University, Macdonald 
Campus. The experiments were carried out on two adjacCTit sites, both 
on a Chicot light sandy loam soil. At one site, to prevent possible 
competition from native Bradyrhizobium or interference from other soil 
microflora that might obscure genistein preincubation effects, the soil was 
surface-sterilized by the application of methyl bromide (50 g m-2) under 
a plastic canopy for 72 h (sterilized site). Three days elapsed between 
removal of the fumigation canopy and planting (Lynch and Smith, 1993b). 
At the other site the soil was unsterilized. The first experiment included 
three factors, genistein application, B. japonicum strains, and soybean 
cultivars. The experimental design was a 2 x 2 x 2 factorial organized in 
a randomized complete block split-plot with four replications. The 
main-plot units consisted of genistein application treatments [0 and 20 
mM. (Zhang and Smith, 1995)], while the combinations of two soybean 
cultivars. Maple Glen and AC Bravor, and inoculation treatments [two 
strains of B. japonicum, 532C (Hume andShelp, 1990) and USDA110] 
formed the sub-plot units. Two factors were included in the second 
experiment, genistein application, and soybean cultivars. This 
experimental design was also arranged as a randomized complete block 
split-plot design with four replications. Two levels of genistein 
concentration. 20 and 0 mM, were arranged as mainplot units, and 
soybean cultivars. Maple Glen and AC Bravor, were the sub-plot units. 
At the unsterilized site, each sub-plot (2 x 3 m) consisted of four rows of 
plants with 40 cm b tween rows. Th space b tween plots was 80 cm 
and between replications 1 m. At the sterilized sit , the size of ach 
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sub-plot was 1 .6 X 2 m and consisted of three rows of plants, also with 40 
cm between rows. The space between plots was also 80 cm and 
between replications, 2 m. In the previous year, 1993, this experimental 
field had been planted with oat and barley, while in 1992 green manure 
alfalfa was grown in this experimental area. The available soil nitrogen, 
indicated by the average nitrogen accumulation in the non-fixing soybean 
plants, was 167 kg ha-1 . Potassium and phosphate were provided by a 
spring application of 340 kg ha-1 of 5-20-20 (N, P205, K20). The 5 kg 
ha-1 of nitrogen were applied as "popup" nitrogen, conventionally applied 
in this area to help support plant growth before the onset of nitrogen 
fixation. 

Inoculum prf^p^^mtiPH 

For the first experiment, the inoculum was produced by 
culturing, separately, B. japonicum strains 532C and USDA1 10 in yeast 
extract mannitol broth (Vincent, 1 970) for 3 d in 2 L flasks shaken at 125 
rpm at room temperature (20-23;|C). For production of B. japonicum 
preincubated with genlstein (4", 5, 7-Trihydroxyisoflavone, purity of 98%, 
Sigma, Mississauga, Ontario, Canada), 100 mL of a cell suspension from 
a 3-day old (log phase, 2 x 109 cells mL-1) sub-culture were aseptically 
added to 500 ml of sterile genistein solution (24 mM, which made the final 
genlstein concentration equal to 20 mM) in a 2 L Erlenmeyer flask and 
incubated at ZQ:^ without shaking for 48 h. Following Incubation, the cell 
suspensions were pelleted by centrifugation at 7000 g for 1 0 min, washed 
once with distilled water, and resuspended in distilled water to an A620 
of 0.08 (approximately 108 cells mL-1). 
Plantin9 mathnff 



70 



Seeds of the soybean cultivars 'Maple Glen' and "AC 
Bravor* were surface-sterilized in sodium hypochlorite (2% solution 
containing 4 mL L-1 Tween 20), then rinsed several times with sterile 
distilled water. These cultivars were selected as they have been 
developed for production under the short season, cool conditions of 
eastern Canada and have perfomied well there. The seeds were planted 
by hand on May 1 1 (about one week before the nomial planting date) and 
18 (approximately the middle of the nomial planting period) at the 
unsterilized and sterilized sites, respectively. The delay in planting at 
the sterilized site was due to the extra time required for the methyl 
bromide fumigation. Twenty mL of washed inoculum (for experiment 1), 
or 20 mL of either genistein solution (20 mM) or distilled water (for 
experiment 2) per one metre of row were applied evenly by syringe 
directly onto theseed along the furrow. Alcohol sterilization of the 
Implements was used to prevent cross contamination throughout planting 
and all subsequent data collection procedures. Following emergence, 
seedlings were thinned to achieve a stand of 500,000 plants ha-1 (20 
plants m-1 of row, with an average inter-plant distance of 5 cm within the 
row). 

Data collection 

Daily average air temperature, average soil 
temperatures at a depth of 5 cm and precipitation were recorded at the 
Macdonald Campus weather station, McGill University, Ste. Anne de 
Bellevue, Quebec, Canada, only 500 m from the experimental field. Plant 
samples were taken on August 12, at which time plants were at the 
reproductive stage 6 (R6), for Investigation of growth variables such as, 
leaf numb r, leaf area, pod number and seed number. Leaf numb rand 
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area per plant were determined using a Delta-T area meter (Deita-T 
Devices Ltd., Cambridge. UK). Pod number and seed number per plant 
were counted by hand. End of season grain yield was detemiined from 
a one meter row of plants taken fixim the middle row of each plot. Plants 
were harvested by hand at han/est maturity, then shelled by a plot 
combine (Wintersteiger, Salt Lake City, UT), oven-dried at 70;;;^ for at 
least 48 h, and weighed. Grain dry matter yield was calculated based on 
a 0% moisture content. Six more plants, also from the middle row. were 
hand-harvested, and oven-dried at 70;:iC, after which the seeds were 
manually separated from shoots. Total shoot weight and harvest index 
were determined from these plants, which were enclosed within wire 
mesh following flowering to facilitate the collection of senescent leaves. 
The dried seeds from each plot were ground using a Moulinex coffee mill 
(Moulinex Appliances Inc., Virginia Beach. VA). The nitrogen 
concentration of seeds was then determined by Kjeldahl analysis (Kjeltec 
system. Tecator AB, Hoganas, Sweden). The protein concentration was 
calculated by multiplying nitrogen concentration by 6.25. 

Statistical anglysj;^ 

Results were analyzed statistically by analysis of 
variance using the Statistical Analysis System (SAS) computer package 
(SAS Institute. Inc., 1988). When analysis of variance showed significant 
treatment effects, the least significant difference (LSD) test was applied 
to make comparisons among the means at the 0.05 level of significance. 
Results 

Air and soil temperature, precipitation and plant 
development Averag daily temp natures for both air and soil (at a depth 
of 5 cm) were below 1 5;|C unHI eariy June, and remained well b low 2Xm 
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until mid-July, about two months after planting. Both low air and soil 
temperatures slowed the rate of seedling emergence, particularly for the 
earlier-seeded plants at the unsterilized site (Zhang and Smith, 
unpublished data), such that for the May 11 planting at the unsterilized 
site, seeds germinated on May 25, i.e. at 14 days after planting (DAP), 
white seeds planted on May 18 at the sterilized site germinated at 9 DAP. 
Plants in both the unsterilized and sterilized sites flowered In mid-July 
and reached physiological maturity in early September. Precipitation 
during the planting period was 47 mm, while the total precipitation during 
the soybean growing season (May to September) was 672 mm. which Is 
sufficient for soybean production. 
Experiment 1 

The nodule number of uninoculated plants in experiment 
2 indicated that the native soil population of B. japonicum in unsterilized 
soil was low, with uninoculated plants forming few nodules; at 
physiological maturity there were fewer than three nodules per plant, 
although the nodules were very large, on average almost 5 times larger 
than those on plants In experiment 1. However, at the sterilized site, 
fumigation with methyl bromide was not completely effective and the 
un-inoculated plants in experiment 2 fomied nearly as many nodules as 
the inoculated plants in experiment 1. Therefore, main effects, two way 
interaction comparisons between either genlstein application and B. 
japonicum strains, or genlstein application and soybean cultivars and 
three way interaction comparisons for genlstein application. B. japonicum 
strains, and cultivars were tested on the unsterilized site. At the sterilized 
site, only main ffects and two way interactions between g nistein 
application and soybean cultivars w re tested. Most growth variables, 
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such as plant height, nodule number per plant, time of crop maturity, 
harvest index, and seed moisture content at harvest maturity, were not 
affected by genistein application at both the unsterilized and sterilized 
sites (data not shown). The leaf area of AC Bravor receiving USDA110 
was increased by 20 mM genistein addition at the unsterilized site (Table 
8). At the sterilized site, the leaf area of AC Bravor was increased more 
by 20 mM genistein application than the leaf areaof Maple Glen (Table 9). 

The number of seeds fbmned on AC Bravor plants 
receiving genistein-preincubated B. japonicum (Experiment 1) increased 
by 34.2 and 20.9% compared to those receiving B. japonicum only at the 
unsterilized and sterilized sites, respectively (Tables 8 and 9). This 
increase in seed number was due to the higher pod numbers of AC 
Bravor plants receiving genistein-preincubated B. japonicum than of those 
receiving B. japonicum only. Maple Glen plants receiving either 
genistein-preincubated B. japonicum or B. japonicum only had a similar 
seed number at both the unsterilized and sterilized sites (Tables 8 and 9). 
Since seed number of AC Bravor increased, the total grain yield was 
increased by genistein application at both the unsterilized and sterilized 
sites. At the unsterilized site, grain yield of AC Bravor plants receiving 
prelncubated-B. japonicum USDA110 was 25.5% higher than by those 
receiving B. japonlcum USDA110 only, wliereas grain yield of AC Bravor 
plants receiving either preincubated-B. japonicum 532C or B.japonlcum 
532C only was not different between these treatments (Table 8). At the 
sterilized site, the final grain yield of AC Bravor treated with genistein 
increased due to the increase in seed number, and was 15.7% higher 
than that of plants without genistein treatment (Table 9). Grain protein 
yield and total plant protein yield of AC Bravor were increas d by 
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genlstein application at both the unsterilized and sterilized sites (Tables 
8 and 9). For the two B. japonlcum strains, USDA1 10 and 532C, the 
grain protein yield of AC Bravor with genistein treatment was 21.6 and 
13.7% higher than in plants without genistein treatment at both the 
unsterilized and sterilized sites, respectively. There was no difference In 
protein yield between Maple Glen receiving either preincubated-B. 
japonlcum or nonnal B. japonicum at either the unsterilized or sterilized 
site. Two way interactions between genistein application and B. 
japonlcum also existed at the unsterilized site; the grain protein yield of 
plants inoculated with genlstein-preincubated B. japonlcum USDA110 
increased by 13.4% compared to B. japonicum USDA110 without 
genistein, whereas preincubation of B. japonicum 532C with genistein did 
not increase grain protein yield (Table 8). The effects of genistein 
application on total plant protein yield followed the same pattem as grain 
protein yield at both the unsterilized and sterilized sites (Tables 8 and 9); 
however, total plant protein yield of plants receiving 
genlstein-preincubated B. japonicum 532C was 13.5% higher than that 
of plants receiving B. japonicum 532C without genistein at the unsterilized 
site (Table 8). 
ExperimRnt ? 

Genistein, directly applied onto seeds in the furrow at the 
time of planting, increased soybean growth variables and yield compared 
to control plants at both the unsterilized and sterilized sites (Tables 10 
and 11). Generally speaking, the effects of genistein application directly 
onto soil, without preincubated B. japonicum. on soybean growth 
variabi s, yield components, and final grain and protein yield In 
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experiment 2 followed the same pattern as was observed in experiment 
1. 

Discussion 

Genistein is one of tlie plant-to-bacteria signals 
important in establishment of the soybean-Bradyrtiizoblum symbiosis 
(Kosslal< et al.,1987). Preincubation of B. japonlcum inocula with 
genistein increased nodule number and hastened the onset of N2 fixation 
at suboptimal RZTs under controlled environment conditions (Zhang and 
Smith, 1995). These increases could lead to an increase in nitrogen 
fixation ability and a reduction in the nitrogen limitation of soybean growth 
in short season areas. Therefore, the genistein-pretreated B. japonicum 
increased the final grain yield at both the unsterilrzed and sterilized sites 
(Tables 8 and 9). For instance, at the unsterilized site the yield of AC 
Bravor receiving B. japonicum USDA1 10 was increased by 25.5% (Table 
8). 

Genistein application not only increased plant dry matter 
accumulation, but also increased total protein and grain protein yield for 
AC Bravor (Table 8). Zhang and Smith (1994) reported that low RZTs 
delay all of the steps in the infection of soybean roots by bradyrtiizobia. 
For example, the period between inoculation and root hair curling was 1 
and 2 days longer, respectively, for plants grown at 17.5 and ISilC RZT 
than at 25;;!C RZT. Presumably, the preincubation of B. japonicum with 
genistein at SQi.p prior to soybean inoculation activated the bradyrhizobial 
nod genes. Since added genistein activated bradyrtiizobial nod genes 
and soybean inoculation, nodulation events and nitrogen fixation started 
2 to 5 days eariier at the suboptimal RZTs (Zhang and Smith, 1995). It 
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was postulated that an increase of 10% in the period of nodule activity of 
a grain legume, particularly between the onset of nitrogen fixation and the 
attainment of maximum fixation, could double the seasonal level of 
nitrogen fixed. In a controlled environment experiment, the total fixed 
nitrogen of plants receiving 20 mM genistein-pretreated B. japonicum 
Increased by 49.5 and 43.7% compared to non-genistein pretreated B. 
japonicum at 17.5 and15;;:C. respectively (Zhang and Smith, 1995). Also, 
an increase of 40% in total fixed nitrogen was obtained from a field 
experiment under the short soybean growing season conditions typical In 
Canada. In the present application, the increased grain protein 
yield and total protein yield at both the unsterilized and sterilized sites 
agrees with the findings discussed above. 

In experiment 2, genistein applied directly onto seeds in 
the fuHTQw at the time of planting also increased yield components and 
final grain and protein yield for both cultivars, AC Bravor and Maple Glen, 
at the sterilized site, and for AC Bravor only at the unsterilized site 
(Tables 10 and 11). As the plants were not deliberately inoculated with 
B. japonicum in this experiment, the observed increases would seem to 
have two possible explanations. First, since genistein has been isolated 
and identified as a major inducer of nod genes in B. japonicum (Kosslak 
et al.. 1987), genistein could have induced nod gene expression In the 
native soil B. japonicum, resulting in increased soybean nodulatlori and 
nitrogen fixation. Second, increased protein yield and grain yield could 
be due to the growth regulator effects reported for similar compounds. 
Ravonoids have been reported to function as modulators of polar auxin 
transport. However, given the small amounts of genistein added and the 
previously measured ffects on soyb an nodulation, the former of these 
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two possibilities seems most probable. Some additional mechanisms 
could also have effects, although they seem unlikely to be major In this 
case. A recent study indicated that low molecular weight phenolic 
compounds not only play Important roles in the plant-(Brady)Rhizobium 
symbiosis, but also stimulate the early events of vesicular arbuscular 
mycorrhizal establishment . It was reported that an isoflavone and its 
derivatives appear to be involved in resistance to both insects and fungi. 

The proportional increases in average values of plant 
growth variables, yield components and final grain and protein yield were 
generally larger In experiment 2 than in experiment 1 . Two possible 
conditions could have led to this observation. First, native bradyrhizobia 
proliferated and developed under low soil temperature conditions (below 
1S|C) until early June (when nodules were visible). At the time when 
nitrogen fixation was first detected genistein addition to the soil 
increased nodule number by 60 and 27% at the unsterilized (June 11) 
and sterilized (June 17) sites, respectively. At physiological maturity 
(August 11), soil applied genistein increased nodule number by 15 and 
12%, respectively, at the sterilized and unsterilized sites. For plants 
inoculated with B. japonicum, the onset of nitrogen fixation started 3 d 
eariier and at this time nodule numbers were higher with genistein 
addition at the unsterilized site. Nodule numbers were not different 
between genistein levels at the times of either onset of nitrogen fixation 
at the sterilized site, or at physiological maturity at both sites. Second, 
soils were not inoculated with B. japonicum in experiment 2, and so would 
have had lower B. japonicum populations than the inoculated soils of 
experiment 1. This resulted In lower nodulation and rates of N2 fixation, 
therefore, plants in the uninoculated soils would have had a greater 
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nitrogen deficiency stress. These plants would benefit more from a 
treatment that made the symbiosis more effective. 

The cultivarAC Bravor tended to be more responsive to 
genistein application at both sites for experiment 1 and at the unsterilized 
site for experiment 2. At the sterilized site of experiment 2 the increases 
In growth variables, yield components, and final grain and protein yield of 
Maple Glen were similar to those measured for AC Bravor (Tables 8-1 1). 
AC Bravor is a relatively late-maturing cultivar In its production region and 
has a higher potential yield than Maple Glen, under optimal environmental 
conditions (Conseil Des Productions V6g6tales du Qu6bec 
recommendations). Thus, nitrogen limitation was more for AC Bravor 
growth and development. Since the effect of preincubation of B. 
japonicum with genistein on soybean nodulation and nitrogen fixation was 
more pronounced under plant nitrogen stress conditions, the increase in 
grain yield and protein yield by AC Bravor due to genistein application 
should be greater than that of Maple Glen. 

In summary, with the experiments described above, this 
is the first field experiment showing that genlstein-preincubated B. 
japonicum increased soybean grain and protein yield. Interactions 
existed between genistein application and soybean cultlvars, suggesting 
that genistein application to higher yield potential cultivars was more 
effective. Genistein directly applied into therhizosphere also improved 
plant grain and protein yield, probably by stimulation of native soil B. 
japonicum. Overall, from this study it is clear that genistein-prelncubated 
B. japonicum. or genistein directly applied onto seed in the furrow at the 
time of planting can increase soybean grain yield, grain protein yield, and 
total protein yield. 
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OTHER ENVIRONMENTAL FACTORS WHICH INHIBIT 
OR DELAY NODULATION OF SOYBEAN 

Opttmal temperatures for symbiotic nitrogen fixation by 
B.japonicum range from 25 to SS^C, and temperatures outside this range 
are inhibitory. As shown previously, suboptimal temperatures affect early 
stages of nodulation. As shown above, under low temperature 
conditions, incubation of B. japonicum \NHh genistein prior to inoculation 
of soybean resulted in reduction of the time elapsed before both the 
beginning of root hair curling and the onset of nitrogen fixation, and 
increased the total amount of nitrogen fixed per plant. In order to 
investigate whether temperature conditions affected the sensitivity of B. 
japonicum to plant-to-bacterial signal molecules, the expression of the 
isoflavone-inducible nodY-ABC operon of B.japonicum was measured by 
assaying P-galactosidase activity from the nodY-lacZ transitional gene 
fusion in B. japonicum strain ZB977. This strain is B. japonicum strain 
USDA1110 harboring plasmid pZB32 which is a translational fusion 
between the B. japonicum nodV open reading frame and colt p- 
galactosidase. Hence, the level of P-galactosidase activity reflects 
expression of the flavonoid-inducible nod genes. Induction of nodY-lacZ 
expression by different concentrations of genistein was monitored for 24 
hrs. This analysis indicated that different genistein concentrations are 
required for maximal nod gene induction at different temperatures. For 
example, 5 pM genistein, the lowest concentration tested, was the most 
ffective concentration at 30 and 25»C. Howev r, at 15 and 10'C, th 
most effective genistein concentrations wer 15 and 20 M, respectively. 
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Significantly, the peak nodY-lacZ at 25''C was over 5 fold greater than at 
IS^C, and was attained with a 4 fold lower genistein concentration. 

In order to insure that the variations in response to 
genistein are not simply a reflection of temperature effects on general cell 
metabolism, optical density of the culture was monitored as a 
measurement of growth at the different temperatures. Although this 
experiment demonstrated that temperature has a dramatic effect on 
culture growth, with very little growth occurring at 10 to 15", it was 
Interesting to note that the rate of cell growth was greater at 30 than at 
25''C (data not shown). Strikingly, nodY-lacZ induction levels are greater 
at 25 than at 30°. It was also verified that the levels of nodY-lacZ 
expression did not simply reflect growth rate (data not shown). 

Figure 3 therefore con-oborates the field studies 
described above by showing that at low temperatures, B. japonicum is 
less sensitive to plant-to-bacterial signals. Thus, suboptimal 
temperatures inhibit both the biosynthesis of genistein in soybean tissue 
and reduced the sensitivity of e. japonicum to flavonoid signals. 

Strikingly, Figure 3 also shows that at 30''C, at all the 
genistein concentrations tested, B. japonicum has a reduced sensitivity 
to genistein. This result therefore suggests that the present invention can 
find applicability for growth of legumes under supra-optimal conditions. 

It has also been demonstrated that when the first cohorts 
of nodules start to fix nitrogen, the concentration of genistein in root 
tissues significantly decreases. Presumably, upon the initiation of 
nitrogen fixation, there is no immediate need for the production of new 
nodules and new symbiosis, and hence, th genistein concentration 
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drops and nodulation slows down. In essence therefor, nitrogen fixation 
is itself a nodulation inhibiting environmental factor. 

Strinkingly, it was found that watering of plants with a 
solution comprising genistein. at the point when nitrogen fixation starts 
5 and genistein concentration decreases, permits nodulation to persist 
(data not shown). This should enable an increase in protein and grain 
yield of the soybean. Since high nitrogen concentration in the soil can be 
considered another environmental factor that inhibits nodulation, the 
present invention provides a means to overcome this nodulation 
10 inhibition. 

Although the present invention has been described 
hereinabove by way of prefen-ed embodiments thereof, it can be modified, 
without departing from the spirit and nature of the subject invention as 
defined in the appended claims. 
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WHATISCLMMFD IS: 

1. A composition for enhancing grain yield and protein 
yield of a legume grown under environmental conditions that inhibit or 
delay nodulation thereof, the composition comprising an agriculturally 
effective amount of a nodulation gene-inducing compound in admixture 
with a suitable carrier medium. 

2. The composition of claim 1, further comprising a 
rhizobial strain, wherein said rhizobial strain nodulates said legume and 
wherein said nodulation {nod) gene-inducing compound is effective in 
inducing the nod genes of said rhizobial strain. 

3. The composition of claimi, wherein said nod gene- 
Inducing compound is effective in inducing the nod genes of native soil 
rhizobial strain and wherein said composition is effective in enhancing 
grain yield and protein yield of soybean. 

4. The composition of claim 2, wherein said rhizobia 
strain is B. Japonicum, said gene-inducing compound is genistein, and 
wherein said composition is effective in enhancing grain yield and protein 
yield of soybean. 

5. The composition of claim 4, wherein genistein is used 
at a concentration of about SpM to about 20pM. 

6. Method for enhancing grain yield and protein yield of 
a legume grown under environmental conditions that inhibit or delay 
nodulation thereof, comprising an inoculation in the vicinity of on of a 
seed and root of said legume of the composition of claim 1. 
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7. Method for enhancing grain yield and protein yield of 
a legume grown under environmental conditions that inhibit or delay 
nodulation thereof, comprising: 

a) incubating a rhizobial strain which nodulates said 
legume with an agriculturally effective amount of a nodulation gene- 
inducing compound; and 

b) inoculating in the vicinity of one of a seed and root of 
said legume with said rhizobial strain of a). 

8. Method of claim 6, wherein said environmental 
conditions comprise suboptimal temperature, supraoptimal temperature, 
suboptimal pH, supraoptimal pH, inhibotory nitrogen concentration in the 
soil, salt stress and water stress. 

9. Method for enhancing grain yield and protein yield of 
a legume grown in a short season and/or to overcome low spring soil 
temperature, comprising an inoculation in the vicinity of one of a seed and 
root of said legume of the composition of claim 1 . 



